Phytochelatin has been quantified in Thalassiosira weissflogii, a marine diatom after exposure to a series of trace metals (Cd, Pb, Ni, Cu, Zn, Co, Ag, and Hg) at concentrations similar to those in the marine environment. Within the range of concentrations relevant to natural waters, Cd, and to a lesser extent Cu and Zn, are the most effective inducers of phytochelatins. The generality of this result was confirmed by short-term experiments with two other phytoplankton species. Quantification of intracellular Cd, Ni, and Zn shows that phytochelatin production does not follow a simple stoichiometric relationship to the metal quotas. The rapid formation of phytochelatin in T. weissflogii after Cd exposure and the fast elimination when metal exposure is alleviated reveal a dynamic pool of phytochelatin which is tightly regulated by the cell.
Many trace metals have been shown to induce phytochelatin production in plants (Grill et al. 1987) , although the concentration necessary to stimulate the response as well as the magnitude of the response depend on the particular metal. Although it is believed that production of this peptide is a general metal detoxification system, Cd has been found to be the most effective inducer of phytochelatin synthase (Grill et al. 1989 ). Our goal is to elucidate the factors that control phytochelatin production by phytoplankton in the laboratory in order to better understand what stimulates phytochelatin production in the field (Ahner et al. 1994) . In a companion paper (Ahncr et al. 1995) , we investigated phytochelatin production by several phytoplankton species in response to Cd. In this study we examine the response of Thalassiosira weissflogii to a variety of metals (Cd, Pb, Cu, Ni, Zn, Co, Ag, and Hg) , all of which have been found to stimulate phytochelatin production in higher plants. As in our experiments with Cd, we tested free metal concentrations that would be encountered in natural seawater in order to evaluate which metals may stimulate this response in natural populations of algae. We performed short-term assays with two other phytoplankton species to compare the patterns of the phytochelatin response to various metals. Finally, to assess how changing environmental conditions might affect cellular concentrations of phytochelatin, we examined the kinetics of phytochelatin production and elimination upon changes in metal exposure.
Materials and methods
Cell preparation and HPLC chromatography -T.
weissflogii (Actin) was cultured in Aquil (Price et al. 199 1) 
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as detailed by Ahner et al. 1995 but with the addition of different metals at several fret metal concentrations (pMe = -logEMe"+]). The metals were added in addition to the normal trace metals in the Aquil seawater medium containing either 10 or 100 PM ethylenediaminetetraacetic acid (EDTA). Most metal additions were made as Me-EDTA complexes to achieve the various free ion (pMe) and total inorganic ion (Me') concentrations (Table 1) . Ag and Hg were added as their chloride salts, since they do not form strong complexes with EDTA. Methods outlining cell sample preparation and HPLC chromatographic methods are given by Ahncr et al. (1995) .
Metal quota experiments-T. weissflogii was cultured at four different concentrations each of Ni, Zn, and Cd (pMe = 12-9) as described above with the addition of carrier-free radiotracers (63Ni, 65Zn, lo9Cd) to each growth medium. Medium to which 'j5Zn or lo9Cd was added was allowed to equilibrate for at least 24 h to ensure that the radiotraccrs were proportionally distributed between the fret ion and EDTA complex. For experiments involving 63Ni, 1 week of equilibration time is necessary because of the slow reaction rates of Ni (Price et al. 199 1) . Near the end of exponential growth, cells were collected onto 25-mm 3-pm Poretics polycarbonate membrane filters with gentle filtration, incubated 15 min on the filter with 1 mM diethyltriaminepentaacetic acid (DTPA) dissolved in seawater to remove surface-bound lo9Cd and 65Zn, and then rinsed three times with filtered seawater (Ahner et al. 1995) . Ni (63Ni)-containing cells were incubated first for 3 min with a 1 mM 8-hydroxyquinoline-5-sulfonate seawater solution and then rinsed with filtered seawater (Price and Morel 199 1) . Isotope remaining in the cells on the filter was counted by liquid scintillation in a Beckman LS 1801. A calculated specific activity was then used to determine the metal quotas of the cells at the various levels of pMc. Radiolabeled cells were spiked with Lugol's solution (Parsons et al. 1984) and counted microscopically with a hemacytometer. Short-term metal exposures -Three phytoplankton species, T. weissflogii, Tetraselmis maculata (TTM), and Emiliania huxleyi (BT6) (obtained from the Culture Collection of Marinc Phytoplankton, Bigelow Laboratory for Ocean Sciences), were tested for a short-term response to high additions of Cd, Pb, Cu, and Zn (pMe = 9). Duplicate 500-ml cultures of each species were grown in standard Aquil medium to late exponential phase, subdivided into four aliquots, and spiked with diffcrcnt metals. The metals were added as EDTA complexes at concentrations necessary to achieve free ion concentrations of 1 nM (pMe = 9). Cells were incubated 22 h, harvested the next day onto 2%mm Whatman GF/F filters, and analyzed for intracellular phytochelatin as detailed by Ahner et al. (1995) .
Time series experiment -To determine rates of intracellular accumulation and degradation of phytochelatin in T. weissflogii, we conducted time-course experiments.
In the first experiment, duplicate 500-ml cultures were grown to m 3.0 x lo4 cells ml-' in medium containing no Cd, at which time Cd was added as an EDTA complex to achieve an equilibrium concentration of pCd = 10. The bottles were sampled (in portions of 25-50 ml) at various times from t = 0 to t = 36 h. In the second experiment, late exponential phase T. weissflogii cells, cultured at pCd = 10, were filtered onto 47-mm, 3-pmpore membrane filters, rinsed with filtered seawater, and resuspended in fresh Aquil containing no added Cd with normal EDTA (100 PM) and other trace metals. The duplicatc bottles were sampled over time from t = 0 to t = 39 h.
Results
The concentration of intracellular phytochelatin in T. weissflogii increased upon addition of most metals tested Table 2 ). Cd stimulated production of phytochelatins to the greatest extent, with concentrations of the n = 2 oligomer reaching 1,500 amol cell-r at pCd = 9. As shown in Table 1 , growth rates for T. weissflogii were little reduced at this free Cd concentration. Pb, Hg, and Cu induced much smaller amounts of phytochelatin at the highest concentrations tested [220, 100, and 50 amol (n = 2) cell-l r espectively], yet they reduced growth rates significantly (Table 1) .
High Zn, Co, and Ni concentrations had little effect on phytochelatin concentrations or on growth rates up to pMe = 9; the same was true for Ag up to a total concentration of 100 nM. Each of these metals has been shown to induce phytochelatins in higher plants, but at much higher concentrations than those we used (Grill et al. 1987) . At the lowest free Zn ion concentration (pZn = 12), when Zn is a limiting nutrient for T. weissjlogii and the growth rate decreases (Table l) , the phytochelatin concentration also appears to decrease (point not duplicatcd). Such a difference between Zn-limited and Zn-sufficient cultures would suggest that "normal"
Zn stimulates phytochelatin production and that phytochelatins may serve as a buffer for Zn.
To determine whether the response of T. weissflogii to the various metals is typical of marine algae, we performed short incubations (22 h) of two other species, E. huxleyi, a prymnesiophyte, and T. maculata, a chlorophyte, with relatively high additions of Cd, Cu, Zn, and * EC measurements are with no metal addition with the exception of Cu, which was at pCu = 13.8; intracellular Cd was measured at pCd = 13. t EC = I: y-glu-cys amol cell-I where X y-glu-cys = 2 (n = 2) + 3 (n = 3) + 4 (n = 4). $ Me = Intracellular metal (amol cell-I). 0 Corresponding values of pAg for these additions are 13.9, 13.2, 12.9, 12.2, and 11.9 (as shown in Fig. 1 ). 11 Corresponding values of pHg for these additions are 23.4, 23.1, 22.7, and 22.4 (as shown in Fig. 1 ).
Pb (Fig. 2) . The concentrations of phytochelatins induced in these short-term experiments were fairly similar to those measured at steady state in T. weissflosii (Table 3) , and the exceptional ability of Cd to stimulate phytochelatin synthesis was not limited to T. weissflogii. For all species, the greatest phytochelatin induction was obtained with Cd, followed by Cu, Zn, and Pb. The response of T. maculata to these metals was similar to that of T. weissflogii, except that T. maculata showed relatively more phytochelatin production in response to Zn and less in response to Pb. The pattern of phytochelatin production in E. huxleyi was also much like that of T. weissflogii, with the exception of its large response to Cu, which induced almost as much phytochelatin as Cd (Table 3 ).
In short-term incubations with Cu and Pb, T. weissflogii produced slightly more phytochelatin than it did at steady state-over four times as much in the case of Cu (Table 3 ). In contrast, with both T. maculata and E. huxleyi, the short-term response to Cd was much less than that achieved under steady state conditions. These differences among species may reflect alternate detoxification strategies or differences in glutathione pools or metal accumulation rates. Intracellular Zn and Ni were measured in T. weissjlogii at the various free metal ion concentrations to determine whether phytochelatin production was a function of either of the metal quotas. These data are plotted in Fig. 3 along with the intracellular Cd quotas from Ahner et al. (1995) . As previously described, intracellular Cd concentrations in Thalassiosira weissjlogii, Tetraselmis maculata, and Emiliania huxleyi upon addition of Cd, Cu, Zn, and Pb. Metals were added as EDTA complexes to achieve free metal ion concentrations of 1 nM. Cells were incubated for 22 h with the individual metals and then assayed for phytochelatin production. Units of y-axis as in Fig. 1 ; note different scales. Error bars are the range of measurements from two separate incubations. changed very little over the l,OOO-fold range in free Cd ion concentrations; it remained nearly constant at 13 amol cell-r at pCd 12 and 11 and increased to only 20 and 50 amol cell-I at pCd 10 and 9. Steady state phytochelatin concentrations were not simply proportional to the in- tracellular Cd and exceeded Cd by 100 times on a mol : mol basis at the highest Cd concentration. Zn quotas varied loo-fold over the range of concentrations tested, yet phytochelatin was constant except at the lowest Zn concentration. The ratio of y-glu-cys to Zn decreased as a result of the increasing Zn quota. Intracellular Ni quotas ranged from 0.3 to 300 amol cell-i from pNi values of 12-9 and were a function of free Ni concentrations. The medium contained nitrate, and the cells should have had no Ni requirement (Price and Morel 199 1). Phytochelatin concentrations did not follow increasing Ni quotas even when Ni reached levels high enough to inhibit growth. Ratios of y-glu-cys to Ni decreased as Ni concentrations increased because the in- Table 3 . Phytochelatin concentrations [X y-glu-cys pmol (g Chl a)-'1 from short-term metal additions experiments (1) and steady state Cd exposure concentrations (2). Individual oligomcr concentrations are plotted in Fig. 2 tracellular Ni increased much more than phytochelatins. There was a slight increase in phytochelatin at the highest concentration, but not enough to complex the measured Ni quotas (ratio well below the 2 : 1 line).
The kinetics of phytochelatin production by T. weissjlogii in response to Cd additions were also investigated in short-term incubation experiments. When we exposed T. weissflogii to Cd (added as an EDTA complex to achieve pCd = lo), WC observed immediate phytochelatin production-within 1 h the intracellular values changed from 5 to 180 amol (n = 2) cell-l (Fig. 4A) . After 5 h, the cells had exceeded steady state concentrations (for pCd = 10) of -800 amol (n = 2) cell l by -25%. The n = 3 oligomer also incrcascd immediately and overshot the steady state concentration.
This result rcflccts the rapid enzymatic production of phytochelatin from the large pool of glutathione in the cells (measured to bc -1.5 fmol cell-I), as has been demonstrated for higher plants (Grill et al. 1987) .
We also investigated the disappearance of phytochelatin upon rcsuspending the cells in a medium containing no added Cd (and 100 PM EDTA). Phytochelatin per cell decreased rapidly; values changed from -700 amol (n = 2) cell-l to half that in 3 h (Fig. 4B) . After 20 h, concentrations had reached steady state concentrations for cells cultured in a medium containing no added Cd. The insert in Fig. 4B plots the decrease in particulate phytochelatin per liter of culture medium to demonstrate that the decrease in cellular phytochelatin concentration was not simply the result of dilution caused by cell growth. Cd is the most effective inducer of phytochclatin production in the marine diatom T. weissjlogii in the range of trace metal ion concentrations that are likely to be important in natural seawater. Other metals, particularly Cu, Pb, and Hg, induce small amounts of phytochelatin within the range of concentrations examined, whereas some metals, such as Co and Ag, have virtually no effect at all. Limited testing of other metals on phytochelatin induction in T. maculata and E. huxleyi supports the finding that Cd is the most important inducer of phytochelatins. The rapid accumulation of phytochelatin in T.
weissflogii upon exposure to Cd is consistent with the enzymatic synthesis found in higher plants (Grill et al. 1989) . We also observed a rapid decrease in phytochclatin concentration when Cd exposure was alleviated, suggesting that the intracellular phytochelatin pool is tightly regulated. Other studies of phytochelatin production in phytoplankton have generally been limited to induction by Cd, with the exception of two studies. Gckclcr et al. (1988) reported stimulation of phytochelatin production in two chlorophytes by a handful of other metals (Pb, Zn, Ag, Cu, and Hg), and Howe and Merchant (1992) examined the response of Chlamydomonas reinhardtii to additions of micromolar concentrations of Cd, Hg, and Ag, and, as in our study, found that phytochclatin was induced to the greatest extent by Cd even at these extrcmcly high concentrations. Comparing the total inorganic concentrations of the various metals that induced phytochelatin synthesis in laboratory experiments to typical total metal concentrations in coastal marine environments (Table 4 ) allows us to evaluate the extent to which particular metals might bc important in effecting this response in natural ecosystems. Pb begins to induce phytochelatin at pPb = 10 (Pb' = 23 nM), but total concentrations of Pb in the field rarely reach 5 nM and are typically more than an order of magnitude lower (Cutter 199 1; Flegal and Sanudo-Wilhelmy 1993) . Measured Ag and Hg concentrations never reach the highest concentrations tested in this report (Flegal and Sanudo-Wilhelmy 1993; Mason et al. 1993) . Total Zn, Ni, and Co may exceed the concentrations tested here, but for the most part these metals will be entirely complexed in seawater by strong organic ligands (Bruland 1989; Nimmo et al. 1989; Zhang et al. 1990) . It is only when the concentrations of these metals exceed those of the organic chelators that we might expect significant phytochelatin induction. In polluted estuaries the very high Zn concentrations may exceed the available ligands and induce phytochelatin synthesis. Indeed, in early cxperiments we observed significant phytochelatin production in T. weissflogii (-100 am01 cell-') at pZn = 7.3 (-75 nM Zn'). The relatively large responses of T. maculata and E. huxleyi to short-term exposure to Cu and Zn provide additional evidence that these metals may be important inducers of phytochelatins in the field. This is particularly true of Cu whose inorganic concentration in nature spans the whole range tested here. Total concentrations of Cd in polluted coastal waters may sometimes be as high as 5 nM (Wallace et al. 1988) , which would correspond to a pCd of roughly 10 if the Cd were in excess of its organic chelators; this would clearly induce large concentrations of phytochclatin. More likely, inorganic Cd will be maintained at low concentrations by organic ligands (e.g. in the open ocean Cd, = 4 pM and Cd' = 0.04 pM, Bruland 1992). Nonetheless, the great efficacy of Cd at even very low concentrations likely makes it a primary inducer of phytochelatin in natural seawater. Unlike what we observed in many species in response to Cd, there appears to be no stoichiometric relationship between phytochelatin and other intracellular metal concentrations. The difference between Cd and other metals may be related to the relative ability to activate phytochelatin synthase. In vitro, Grill et al. (1989) observed that at a given concentration, Cd most effectively activated the synthasc, whereas Ag restored 58% and Pb 43% of the activity and Zn and Hg < 3 5%. At the same time, different metals partition between the membrane and the cytoplasm of the cell in different proportions.
For cxample, Reinfelder and Fisher (1994) reported that 80% of the Ag (AgT = 17 nM) in Isochrysis galbana is bound to membranes (this may explain why Ag was so ineffective in our study) and that depending on cell growth rate, membrane-bound Zn can range from 11 to 6 1% of the total. Thus the extent of activation of the phytochelatin synthase enzyme upon exposure to a metal (and the resulting phytochelatin concentrations) will depend not only on the cellular metal concentration but also on the nature of the particular metal and the fraction that is sequestered in the membrane.
There is a slight increase in phytochclatin production with increasing Cu, but at the highest Cu concentration, production seems to level off. This leveling off may reflect an inability to synthesize more or a decrease in cell size under Cu stress, but it may also be due to another detoxification or resistance mechanism that is used under steady state at high Cu concentrations.
It has recently been discovered that some higher plants also have a metallothioneinlike gene (de Miranda et al. 1990 ). de Miranda ct al. (1990) measured increased mRNA transcripts of the metallothioneinlikc gene in the Cu-tolerant plant Mimulus guttalus exposed to Cu. The short-term incubations of 7'. weissflogii with Cu overshot the steady state concentration by a factor of almost 10. This suggests that in the short term, phytochelatin may be used as a detoxification mechanism for Cu, but over time, the mechanism may shift to a more stable gene-regulated mechanism akin to metallothionein production. The induction of high concentrations of phytochelatins by Cu in E. huxleyi may impart a high resistance to this metal. Research by Brand et al. (1986) indicates that this species has an unusual resistance to both Cu and Cd among the prymnesiophytes.
Although its growth is reduced at elevated Cu, the organism is able to maintain this decreased growth up to very high cupric ion concentrations.
Our observation of rapid phytochelatin production upon exposure to Cd is in accord with previous studies (Grill et al. 1987) . The relatively large intracellular pool of glutathione is converted rapidly into phytochelatin by an enzymatic pathway (Grill et al. 1989) . Our observation of the rapid loss of phytochelatin from the cell upon elimination of Cd from the medium was less expected. The phytochelatins are either rapidly degraded back into glutathione or amino acids or are excreted. Clearly the dynamics of cellular phytochelatin pools upon changes in environmental conditions deserve further study. It appears that phytochelatin concentrations may be dynamically controlled by a balance of synthesis and elimination.
Overall it is clear that phytochelatins are important intracellular constituents. They were present in all of the eucaryotic marine phytoplankton examined in our previous paper under all conditions (Ahner et al. 1995) and the intracellular pool of these peptides is tightly regulated in response to inorganic metal concentrations at levels that are relevant to marine ecosystems. Cd and to a lesser extent Cu and Zn appear to be the metals most likely to induce high phytochelatin concentrations in natural waters.
